Differential epigenetic modifications of histones at the myosin heavy chain genes in fast and slow skeletal muscle fibers and in response to muscle unloading.
MUSCLE CONTRACTION PROVIDES the basis for all movements and postural support in animals and humans. A broad range of contractile intensities can exist in different muscle fibers, primarily attributed to diversity in the motor protein myosin heavy chain (MHC). Four isoforms of MHC (I, IIa, IIx, IIb), each encoded by a distinct gene, can be expressed in adult skeletal muscle. Intrinsic differences in the ATPase (and shortening velocity) properties of the MHC isoforms have led to the classification of slow and fast fiber-types in muscle (5) . For example, slow type I MHC predominates in the soleus, whereas fast IIx and IIb are the primary MHCs expressed in the plantaris. The transcriptional products of the MHC genes are also easily altered by perturbations to environmental stimuli, such as altered mechanical loading (5, 16) . DNA regulatory sequence, transcription factors, and other mechanisms that are important in the transcriptional regulation of the MHC genes in skeletal muscle have been studied; however, virtually no information is known about the role of chromatin remodeling at these highly regulated genes.
Recent advances in the understanding of the dynamic nature of DNA regulatory regions have highlighted the importance of chromatin structure and associated histone modifications in influencing gene expression. Numerous chromatin-bound protein complexes and their enzymatic activities have been identified, which can covalently modify certain histone sites that, in turn, determine whether a specific gene will be transcribed or not (28) . Posttranslation modifications such as acetylation, methylation, and phosphorylation to histone tails can exert control on a given gene's expression. The combination, sequence and extent of various histone modifications, referred to as the histone/epigenetic code hypothesis, is proposed to result in distinct functional consequences impacting various cellular processes (35, 42) . Of particular relevance in understanding the regulation of the MHC genes is that these histone modifications are predicted to ultimately result in varying degrees of transcriptional activation or repression.
Histone hyperacetylation is correlated positively with actively transcribed genes (2, 22, 38) . Acetylation alters the charge of histone tails, and thus interaction properties of both histone-DNA contacts within a given nucleosome, and also internucleosomal contacts to result in relaxing of a compact chromatin structure (10, 35) This enables access of compacted DNA to different factors that promote transcription of the coded gene. The activation of muscle-specific genes during myofiber differentiation is dependent on the activities of enzymes that regulate histone acetylation, i.e., histone acetyltransferases (HATs) and histone deacetylases (HDACs) (26) . Myogenic basic helix-loop-helix (bHLH) MyoD, Myf5, myogenin, and Mrf4 proteins and members of the MEF2 family of MADS-box transcription factors bind to the regulatory regions of muscle-specific genes to activate them (3, 7, 26, 37) . These muscle-specific proteins are reported to activate and repress muscle-specific genes by associating with HATs and HDACs, respectively, to control the acetylation state of histones during differentiation (26, 37) , and in an activity-dependent manner in adult muscle (27, 44) .
Several recent reports have provided evidence that indicate that particular HDAC isoforms may act as nodal points of control for skeletal muscle fiber-type phenotype in vivo by mediating, via muscle-specific transcription factors, the expression of genes involved in the neuromuscular junction, metabolism (glycolytic vs. oxidative), and contraction (slow vs. fast) (20, 33, 43, 44) . A critical role for HDACs in the coordinated regulation of MHC genes has been demonstrated with various manipulations to HDAC isoforms in both skeletal (20, 33, 44) and cardiac muscle (21, 25) . It is not clear where the effects of manipulations to HDACs, which oppose the enzymatic activity of HATs, are mediated. Such effects could be mediated at the level of signaling intermediates, at the level of transcription factors (e.g., MEF2, myogenin) that bind the promoters of MHC genes, at the level of the histones of the MHC genes themselves, or at any combination of the above. Furthermore, the acetylation state of signaling proteins and transcription factors themselves may be altered in addition to the histones at their promoters (41) . In the present study we initiate a series of experiments to examine the acetylation state of histone H3 (H3ac) of the MHC genes themselves.
In addition to H3ac, we examined trimethylation of histone H3 at lysine 4 (H3K4me3). This histone modification also is associated with active gene transcription (6, 28, 32, 36) . Although the precise role for H3K4me3 marks has not been fully characterized, H3K4me3 has been shown to be coupled to transcription through the recruitment of effectors, which are subunits of chromatin remodeling complexes that are required for transcriptional competence (34) . Recruitment of effector proteins via H3K4me3 may also stabilize the association of sequence-specific trans-acting factors/complexes with the chromatin template, and provide the cell with a gene-specific regulated response (34) . A high correlation is observed in genome-wide analyses between H3ac and H3K4me3 within the 5Ј-regions of active genes (13, 38, 48) . Recent reports have further demonstrated that H3K4me3 may be a modification that serves as a target for HATs and HDACs (9, 15) . Thus, genomic regions trimethylated at H3K4 may be subjected to the opposing actions of acetylation and deacetylation in a dynamic manner, such that turnover of acetyl groups is high, thereby ensuring a rapid transcriptional response to altered conditions.
Since the histone tail modifications H3ac and H3K4me3 have both been shown to occur at active genes, and may be functionally interconnected with each other to recruit and stabilize transcription complexes, we chose to focus on these two modifications in the context of the four MHC genes that have varying levels of transcription among its members, and between muscles of different type as well as different environments. To our knowledge, a survey of histone modifications at MHC genes in skeletal muscle has not been carried out. Therefore, we sought to determine whether H3ac and H3K4me3 are differentially enriched at MHC promoters in vivo in the following conditions: 1) under steady-state transcriptional states where the MHC genes in different fiber types have a stable yet divergent MHC transcription patterns, and 2) in response to altered mechanical loading states, where transcription of the MHC genes become dynamically altered.
We report that both H3ac and H3K4me3 enrichment at each of the four MHC genes corresponds with transcript abundance in the fast fiber-type plantaris (Pla) and slow fiber-type soleus (Sol). A slow to fast fiber type shift in the Sol (i.e., with unloading or unloading plus thyroid hormone) similarly induced alterations to H3ac and H3K4me3 at the type I, IIx, and IIb MHC genes, but not the IIa MHC.
METHODS
Animal procedures. Female Sprague-Dawley rats (140 -150 g) were used for all experiments. Animals were randomly assigned to either control or hindlimb suspension (HS) groups (n ϭ 7/group). Control animals were housed in groups of four in a temperature-and light-controlled environment (i.e., 12:12 h light-dark cycle). All animals in a given experiment were allowed food and water ad libitum, and all procedures were approved by the Institutional Animal Care and Use Committee. HS was carried out for 7 days, which was shown in prior experiments to be sufficient to induce measurable alterations in the endogenous MHC genes expression (authors' unpublished observations). Animals subjected to thyroid hormone treatment were administered 150 g ⅐ kg Ϫ1 ⅐ day Ϫ1 of triiodothyronine (T3) by intraperitoneal injection. At the end of the experiment, rats were euthanized and the muscles were rapidly removed, weighed, and frozen at Ϫ80°C for later analysis.
Hindlimb suspension protocol. The HS model used employed a tail traction method using a noninvasive tail casting procedure described previously (46) . The technique used a swivel harness system incorporated into the casting materials, which was attached to a hook at the top of the cage. The hook was adjusted to allow only the forelimbs of the animal to reach the floor of the cage. Suspended animals were free to move about the cage using their forelimbs to obtain food and water.
RNA analysis. Total RNA was extracted from frozen control plantaris (Pla), control soleus (Sol), and from HS soleus (HS Sol) using the Tri Reagent protocol (Molecular Research Center). Extracted RNA was DNase-treated using one unit of RQ1 RNase-free DNase (Promega) per microgram of total RNA and was incubated at 37°C for 30 min followed by a second RNA extraction using Tri Reagent LS (MRC).
RT-PCR was used to assess pre-mRNA and mRNA of target genes. RT-PCR reactions were performed with the OneStep RT-PCR Kit (Qiagen), where the RT and PCR are performed in a single reaction tube, with some modifications to the manufacturer's protocol, and as described previously (31) . This protocol has been optimized to avoid amplification of nonspecific transcripts, which are known to be coamplified with pre-mRNA and mRNA transcripts, and can thus preclude accurate measurement (14, 31) . These one-step RT-PCR analyses were performed using 10 ng to 200 ng total RNA and 15 pmol of specific primers in 25-l total volume and were carried out on a Robocycler (Stratagene). Samples to be compared were run under similar conditions (template amounts, PCR cycle numbers). RT reactions were performed at 50°C for 30 min followed by 15 min of heating at 95°C, followed by PCR cycling for a varied number of cycles (20 -32 cycles) . The annealing temperature was based on the PCR primers optimal annealing temperature. PCR primers used for RNA analysis are shown in Table 1 . The amount of RNA and the number of PCR cycles were adjusted so that the accumulated product was in the linear range of the exponential curve of the PCR amplifications. PCR products were separated by electrophoresis on agarose gels and stained with ethidium bromide. The ultraviolet light-induced fluorescence of stained DNA was captured by a digital camera, and band intensities were quantified by densitometry with ImageQuant software (Molecular Dynamics) on digitized images.
Posttranscriptional control of mRNA steady-state levels can occur at many steps after the synthesis of the initial pre-mRNA and is subject to stability regulation (10) . The pre-mRNA transcript abundance serves as a better marker of a gene's level of transcriptional activity than the mRNA because its half-life is much shorter. The nuclear run-on assay is another method to quantitate a gene's transcriptional activity; however, in our hands it is a technically unreliable measurement tool for the MHC genes, due to the inability to detect outcomes with consistent fidelity. Moreover, assessing the transcriptional activity of other genes by measuring pre-mRNA with RT-PCR has been validated as an alternative to the nuclear run-on approach (12) .
MHC mRNA isoform distribution. The MHC mRNA isoform distribution was evaluated by RT with oligo(dT)/random primers followed by PCR with primers targeting the embryonic, neonatal, I, IIa, IIx, and IIb MHC mRNAs, as described previously (11, 49) . In these PCR reactions, each MHC mRNA signal was corrected to an externally added control DNA fragment that was coamplified with the MHC cDNAs using the same PCR primer pair. This approach provides a means to correct for any differences in the efficiency and/or pipetting of each PCR reaction. A correction factor was used for each control fragment band on the ethidium bromide-stained gel to account for the staining intensity of the variably sized fragments (224 to 324 bp), as reported previously (11) .
Tissue preparation. Frozen muscle tissue was minced, and then washed in ice-cold PBS. All solutions were supplemented with protease inhibitors (leupeptin, AEBSF, and aprotinin, each at 1:1,000). Minced tissue was then incubated for 10 min in 1% formaldehyde to cross-link chromatin-DNA. Cross-linking was stopped by addition of glycine to 0.125 M for 5 min. This solution was exchanged with cold PBS, and then repeated a second time to remove all the formaldehyde. Tissue samples were then homogenized in PBS (20 vol of the muscle weight) with a Dounce homogenizer. The homogenate was then pelleted by centrifugation at 1,500 g for 10 min. The pelleted muscle tissue was resuspended in cold SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.1), and sonicated (model VCX 130, Sonics Vibracell) to fragment the DNA. Samples were centrifuged at 12,000 g for 10 min to remove insoluble material. To ensure effectiveness of sonication, an aliquot of the supernatant was reverse cross-linked by incubation at 65°C overnight, and RNase treated (RNase A). Then the protein was digested (proteinase K) and then run on a 2% agarose gel to confirm size of DNA fragments to be between 200 and 1,000 bp. This aliquot was also used to measure the DNA concentration of the chromatin-DNA. This is necessary because of the varied muscle mass to DNA ratio in the three types of muscle samples analyzed. HS Sol tissue is more enriched in DNA than Sol, and Sol has more DNA than Pla per unit muscle mass. Therefore, to equalize the starting DNA concentrations for the chromatin immunoprecipitation (ChIP) assay, we used SYBR green I to bind DNA. A Stratagene Mx3000p real-time PCR machine was used in the quantitative plate read mode to accurately measure DNA concentration, with thymus calf DNA (Sigma) used as a standard.
Chromatin immunoprecipitation. Approximately 25 g of DNA of each muscle sample was used to perform chromatin immunoprecipitation. Normal rabbit IgG (12-370) and anti-H3ac (06-599) was obtained from Millipore (Billerica, MA). The H3ac antibody detects diacetylation at lysines 9 and 14. Anti-histone H3 (ab1791) and anti-H3K4me3 (ab8580) was obtained from Abcam (Cambridge, MA). Chromatin was precleared with protein A/G agarose (Pierce, Rockford, IL) by incubation for 30 min at 4°C on a rotating platform, in a volume of 1 ml with ChIP dilution buffer (0.01% SDS, 1.1%, Triton X-100, 1.2 mM EDTA, 16.7 mM Tris ⅐ HCl, pH 8.1, and 167 mM NaCl). After agarose removal by centrifugation, 1% of the precleared chromatin was saved and used as input DNA. Antibody was added to chromatin and incubated at 4°C with rotation for ϳ1 h. Protein A/G agarose was added and incubated at 4°C with rotation for ϳ2 h. Three separate washes with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris ⅐ HCl, pH 8.1, and 150 mM NaCl) were then performed, followed by separate washes for 15 min with rotation with the following buffers. High salt (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris ⅐ HCl, pH 8.1, and 500 mM NaCl), LiCl [0.25 M LiCl, 1% Igepal-CA630, 1% deoxycholic acid (sodium salt), 1 mM EDTA, and 10 mM Tris, pH 8.1], and two separate washes with TE buffer (10 mM Tris ⅐ HCl, 1 mM EDTA, pH 8.0).
Chromatin-DNA complexes were eluted (0.1 M NaHCO 3 , 1% SDS) from agarose beads, and cross-links were reversed by incubation at 65°C overnight. Samples were RNase treated (RNase A), protein was digested (proteinase K), and DNA was purified by using a spin column (Qiaquick PCR purification kit). Immunoprecipitated DNA for specific genes was analyzed and quantified by PCR. PCR primers used with ChIP samples are shown in Table 2 . The number of PCR cycles and amount of ChIP DNA was adjusted so that the accumulated product was in the linear range of the exponential curve of the PCR amplifications. PCR products were separated by electrophoresis on agarose gels and stained with GelGreen (Biotium). The ultraviolet light-induced fluorescence of stained DNA was captured by a digital camera, and band intensities were quantified by densitometry with ImageQuant software (Molecular Dynamics) on digitized images.
With the ChIP assay, primers can be targeted to any genomic region. The histone modifications H3ac and H3K4me3 have been shown previously to peak immediately downstream of the transcription start sites of active genes (6, 13, 51) . A preliminary analysis of these histone modifications in the MHC genes resulted in the same conclusion. Thus, PCR primers were designed to target the second intron of each MHC gene studied, which occurs before the translation start site (ATG) of each gene. This location occurs at 1.1 to 1.4 kb from the transcription start site of the ϳ25 kb MHC genes.
For each sample, four ChIP assays were carried out in parallel reactions with antibodies to H3ac, H3K4me3, core histone H3, and normal rabbit IgG. The latter serves as a negative control for specificity of antibody binding. For analysis, the normal rabbit IgG IP signal was subtracted from the specific antibody IP signals. In all cases, the normal IgG precipitated negligible levels of DNA for the targeted genes analyzed. Then this value was divided by the input DNA PCR signal, to correct for any differences in starting DNA concentrations between samples, and for differences in DNA accessibility at the PCR-targeted genomic sites. Previous studies have shown that variation in histone occupancy at different genomic regions, or in response to varied gene activity, can lead to misinterpretation of histone modifications measured with ChIP (32, 51) . This is because nucleosome density inversely correlates with transcription rate (23) . Therefore, all data are expressed relative to core histone H3 ChIP results at each PCR-targeted genomic site.
Statistical analyses. Data are reported as means Ϯ SE. Differences between three muscle groups (Pla, Sol, and HS Sol) were analyzed using one-way ANOVA, with Newman-Keuls post hoc test. Differences between two groups were analyzed using an unpaired t-test. Statistical significance was set at P Ͻ 0.05.
RESULTS

RNA transcripts of the MHC genes.
The profile of pre-mRNA and mRNA transcripts of the Pla, Sol, and HS Sol are shown in Fig. 1 . The unspliced pre-mRNA products (Fig. 1, A-D) show congruency with the spliced mRNA products (Fig. 1, E-H ) when comparing expression level between the three different muscle groups examined. Pre-mRNAs are the nascent, unprocessed, transcriptional products, and they serve as an indirect measure of the level of transcriptional activity of the corresponding gene.
The classification of fast and slow fiber types is illustrated by the distinct expression of MHC transcripts in the Pla and Sol ( Fig. 1 and Table 3 ). As a percentage of total MHC, the fast fiber-type Pla expresses a predominance of IIx and IIb MHC mRNA, while the slow fiber-type Sol muscle expresses primarily the slow type I MHC mRNA, and smaller proportion of the fast IIa MHC (Table 3 ). Differential expression of the type I, IIx, and IIb MHC between the Pla and Sol is also observed in comparing the relative abundance of pre-mRNA and mRNA between these two muscle types (Fig. 1) . Expression of IIa MHC pre-and mRNA is similar between the Pla and Sol (Fig.  1, B and F) .
With HS, the Sol is remodeled to a muscle more resembling the fast Pla, where IIx and IIb MHC become strongly expressed (Fig. 1, C and D, and Table 3 ). Type I MHC is downregulated in HS Sol as compared with Sol, although its pre-mRNA is still transcribed in the HS Sol, indicating that the type I MHC gene remains transcriptionally active after 7 days of HS (Fig. 1A) . Transcriptional products of IIa MHC are significantly reduced in HS Sol as compared with Sol (Fig. 1,  B and F) .
The proportion of the developmentally regulated embryonic and neonatal MHCs is also shown in Table 3 . Although expression of the embryonic MHC is downregulated in HS Sol compared with Sol as a percentage of total MHC (Table 3) and at the absolute level of pre-and mRNA abundance (data not shown), we have previously shown that it is not translated into protein in adult muscle and therefore does not contribute to the functional performance of the muscle (11) .
Histone H3 acetylation. The H3ac data shown are expressed relative to the core histone H3, to account for variation in histone H3 occupancy between the different muscle samples with differing rates of gene transcription. Histone occupancy is subject to alteration depending on the transcriptional state of the gene, such that nucleosome occupancy inversely correlates with transcription rate (23). H3ac was assessed at genomic regions of the second intron of each of the MHC genes. Significant fiber-type differences in H3ac were observed at each of the MHC genes with differential transcriptional expression between the slow Sol vs. fast Pla muscles (i.e., I, IIx, and IIb; Fig. 2 ). The H3ac pattern in the type I, IIx, and IIb MHC genes corresponds to its MHC expression profile (compare Fig. 1 and Fig. 2) . Thus, the fast Pla, which maintains an abundance of IIb and IIx MHC, was highly enriched in H3ac at both the IIb and the IIx MHC genes in contrast to the Sol. The slow Sol has relatively little expression of the fast IIx and IIb MHCs, and in correspondence to this expression the fast IIx and IIb MHCs are deacetylated relative to the Pla. A reciprocal pattern is observed in the slow type I MHC, where type I mRNA expression is low in the Pla and highly abundant in the Sol, and H3ac is similarly low in the Pla and relatively enriched in the Sol. H3ac at the IIa MHC did not differ significantly however, between the Sol and Pla, which corresponds to the lack of difference in IIa MHC transcription in the two muscle types. The directional shifts of mRNA and the corresponding H3ac among the MHCs in Pla versus Sol are summarized in Table 4 .
When an inactivity model is imposed on the slow Sol muscle, a faster MHC transcriptional pattern emerges ( Fig. 1 and Table  3 ). The H3ac pattern was similarly altered for the type I, IIx, and IIb MHCs. H3ac is more highly enriched in the IIx and IIb MHC genes in HS Sol muscle as compared with Sol (Fig. 2, C  and D, respectively) . Conversely, the type I MHC became deacetylated in the HS Sol as compared with the Sol. In both of these cases, MHC transcription positively corresponds with H3ac (compare Fig. 1 and Fig. 2) . However, H3ac in the IIa MHC did not correspond with its transcription pattern. Transcription of the IIa MHC is significantly decreased in the HS Sol compared with Sol, while H3ac was unchanged with HS. Thus, the directional shifts in types I, IIx and IIb pre-mRNA and mRNA in HS Sol as compared with Sol correspond to that of H3ac (see Table 4 ). Histone H3 lysine 4 trimethylation. Together with histone H3 acetylation, we assayed the MHC genes for H3K4me3. Similar to H3ac, H3K4me3 was highly enriched at the second intron of the IIx and IIb genes in the Pla relative to the Sol, which similarly corresponds with the transcriptional activity of these MHC genes in each muscle type (compare Fig. 1 and Fig. 3 ). H3K4me3 at the type I MHC also corresponds with type I transcription, such that trimethylation is increased in the Sol as compared with the Pla, where type I MHC mRNA is expressed at low levels. Upon induction of type IIb and IIx MHC transcription, which occurs upon unloading of Sol, we observed significantly increased enrichment of H3K4me3 at these genes in HS Sol as compared with Sol (Fig. 4) . There was no statistically significant difference in H3K4me3 in the IIa MHC between the three muscle types studied or type I MHC between the Sol and HS Sol (Fig. 4) . The directional shifts of mRNA and the corresponding H3K4me3 among the MHCs in Pla versus Sol and HS Sol versus Sol are summarized in Table 4 .
Histone modifications at ␤-actin gene. To validate the results of the ChIP assays in determining the levels of enrichment of H3ac and H3K4me3 at the MHC genes, we examined the H3ac-and H3K4me3-ChIP DNA for another target gene, ␤-actin, which is less prone to dynamic change, particularly in response to unloading of Sol (Fig. 4) . The ␤-actin gene is constitutively active in skeletal muscle, and its expression is unaltered in HS Sol compared with Sol (Fig. 4A) . Thus, ␤-actin serves as a control gene unaffected by HS. ChIP analyses showed that enrichment of H3ac and H3K4me3 at the 5Ј-region of the ␤-actin gene also does not differ between Sol and HS Sol (Fig. 4, B and C) . The Pla had significantly greater ␤-actin pre-mRNA expression than either Sol or HS Sol, and this corresponded with the significantly increased enrichment of H3ac although not H3K4me3.
Repression of type I MHC with HS ϩ T 3 . Since there was a lack of correspondence between H3K4me3 and type I mRNA between Sol and HS Sol, we then determined whether an alternative model, in which the type I MHC could be more robustly repressed than HS alone, would result in a loss of H3K4me3 enrichment at the type I MHC promoter. In a separate experiment we found that HS combined with thyroid hormone treatment (HS ϩ T 3 ) results in virtually complete repression of type I MHC transcription (Fig. 5, A and B) . This also resulted in a significant reduction of both H3ac (Fig. 5C ) and H3K4me3 (Fig. 5D) at the type I MHC. Thus, the loss of H3K4me3 at the type I MHC with more robust repression indicates that HS alone likely resulted in insufficient repression of type I MHC to alter H3K4me3.
DISCUSSION
As an initial survey of histone modifications involving the chromatin of the MHC genes, we examined acetylation of histone H3 and trimethylation of H3 lysine 4 in each of the four MHCs expressed in adult rodent skeletal muscle. We compared the extent of these chromatin modifications, previously shown to positively correlate with gene activity, in three types of muscle: fast versus slow fiber-type muscles together with muscle unloading, which is shown to downregulate types I and IIa MHC and upregulate types IIx and IIb MHC. We report that enrichment of H3ac corresponds to mRNA abundance in the type I, IIx, and IIb MHCs in each of the three muscle groups (Pla, Sol, HS Sol). As the soleus myofiber is remodeled in response to unloading, downregulation of the type I MHC corresponds with deacetylation of histones, while upregulation of the IIx and IIb MHC genes occurs in concert with enhanced histone acetylation (see Table 4 ).
In comparing the fast fiber-type Pla with the slow fiber-type Sol, mRNA/pre-mRNA abundance of each of the four MHCs Pla  3%  12%  31%  54%  0%  0%  Sol  88%  4%  0%  0%  8%  0%  HS Sol  65%  0%  15%  18%  2%  0% Pla, plantaris; Sol, soleus; HS, hindlimb suspension; n ϭ 6 per group.
corresponds with both H3ac and H3K4me3. This comparison demonstrates that the fiber-type differences in MHC transcription are linked to modifications at the level of the chromatin of the genes that primarily define the fast vs. slow fiber phenotype. H3K4me3 is also increased in HS Sol as compared with Sol in both the type IIx and IIb MHCs, appearing in correspondence with the induction of these two genes that occurs in HS Sol. An almost identical pattern of histone acetylation is observed in the Pla to that seen in the HS Sol, when compared with the Sol, although the directional change is more exaggerated in the Pla as compared with HS Sol (summarized in Table  4 ). The directional difference of mRNA/pre-mRNA is similarly exaggerated in the Pla, indicating that the level of transcriptional activity of the MHCs is reflected in the degree of enrichment of epigenetic markers of gene activity. The globin genes are another multigene family that undergoes coordinated shifts in gene expression, in liver tissue. In the fetal vs. adult stages of development, expression of the globin genes switches in correlation with the level of histone acetylation at the developmentally regulated globin genes (51) . Hyperacetylation of histone H3 was observed in the active ␤-globin genes in adult tissue, while the inactive embryonic globin genes exist in hypoacetylated regions (18, 51) . H3K4me3 also correlated with transcriptional activity across the ␤-globin locus in cultured cells (19) . We report that in skeletal muscle, where MHC gene expression undergoes alterations in expression during unloading, a similar pattern of histone acetylation is observed. The IIx and IIb MHC, which have very little transcriptional activity in the Sol, are relatively hypoacetylated. Upon induction of the IIx and IIb MHC genes in HS Sol, these genes become hyperacetylated. In the tissue comparison between the Pla and Sol, differential patterns of acetylation are also observed. The type I MHC is hyperacetylated in the Sol relative to the Pla, while the opposite is observed in the fast IIx and IIb MHCs, i.e., the IIx and IIb are hyperacetylated in the Pla relative to the Sol.
Given that the finding that relative enrichment of histone H3 acetylation at the type I, IIx, and IIb MHC genes corresponds with each MHC's respective expression level in each muscle type examined, it is surprising that in HS Sol, where IIa MHC The pattern of H3K4 trimethylation across the three muscle types studied was similar to that of histone H3 acetylation for the IIx and IIb MHCs, and followed the same pattern as mRNA/pre-mRNA expression. In type I MHC there was a reduction in both mRNA and H3ac in HS Sol as compared with Sol, but H3K4me3 was not correspondingly decreased. While type I MHC pre-mRNA and mRNA were downregulated, the gene is apparently not fully repressed, because transcripts continue to accumulate, indicating that transcription is still active and merely attenuated in HS Sol (see Fig. 1 ). This suggests that H3K4me3 at the type I MHC is less sensitive to the attenuated transcription than H3ac. To address this, we examined H3K4me3 (and H3ac) under conditions where transcription of the type I MHC is almost completely abolished. This model, where HS is combined with thyroid hormone (T 3 ) treatment, resulted in a significant reduction in both H3K4me3 and H3ac at the type I MHC gene compared with Sol. This suggests that the lack of differential enrichment of H3K4me3 in Sol and HS Sol is due to the maintenance of transcription initiation of the type I MHC gene in HS Sol, albeit with reduced transcriptional activity (i.e., pre-mRNA). This is consistent with previously defined roles for H3K4me3 in transcription initiation (13, 30) .
H3K4me3 along with K36 methylation is implicated in a regulatory phase before transcription elongation to ensure controlled onset of transcription (30) . This is supported by a whole genome ChIP-chip approach in human cells, where H3K4me3 is shown to be associated with transcription initiation, but not elongation (13) . Furthermore, a H3K4me3-specific effector, the bromodomain PHD finger transcription factor (BPTF), is a subunit of nucleosome remodeling factor (NURF), a chromatin remodeling complex which facilitates transcription (50) . It is proposed that H3K4me3 serves as a docking site for NURF, recruited to promoters by sequence-specific transcription factors, which mediates transcription initiation via energy-dependent disruption of nucleosomes (50) . Given this role for H3K4me3, it may not be surprising that this histone modification is not diminished in the type I MHC of HS Sol, since transcription initiation is still necessary. Conversely, expression is strongly increased in the IIx and IIb MHCs in HS Sol, compared with Sol, and H3K4me3 is proportionally increased, perhaps resulting in more frequent transcription initiation at each gene and/or indicating that a greater number of myonuclei are actively transcribing IIx and IIb MHC.
H3K4me3 has been shown to be positively correlated with H3 acetylation using ChIP methods (13, 38, 48) and mass spectroscopy (17, 45, 52) . H3K4me3 and H3ac can also exist on the same H3 tail (15, 17, 45) . Hazzalin and Mahadevan (15) , in a series of experiments, show that all detectable H3K4me3 is targeted for rapid turnover of acetylation at H3. Thus, H3K4me3 may serve as a target for continuous acetylation and deacetylation by HATs and HDACs (15) . All of the MHC genes in all of the muscle tissues examined had some degree of both H3ac and H3K4me3. In response to 7 days of HS, the slow soleus muscle is phenotypically remodeled, and we observed induction of the IIx and IIb MHC genes. This corresponds positively with both increased histone H3 acetylation and trimethylation at H3K4. Upon repression of the type I MHC with HS, histone H3 is deacetylated in HS Sol. These findings are consistent with the model of rapid turnover of acetyl groups at sites that are also trimethylated at H3K4. Rapid turnover of acetyl groups may have important implications for genes with regard to their response to treatment with HDAC inhibitors.
Transcriptional therapies using HDAC inhibitors to influence skeletal muscle remodeling or to treat muscular dystrophies are being actively explored (4, 20, 29, 33) . However, there are functional implications to histones subject to dynamic turnover of acetylation, as opposed to more stably enhanced acetylation, which occurs when HDACs are inhibited (8, 9) . Hazzalin and Mahadevan (15) have demonstrated that the opposing actions of HATs and HDACs are necessary for normal expression of some genes. For example, upon treatment of mouse fibroblasts with the HDAC inhibitor trichostatin A, which allows the activity of HATs to be unopposed, the induced expression of c-jun was inhibited, though the histones of c-jun remained hyperacetylated (15) . These results illustrate the complex manner by which inhibitors of HDACs can influence gene expression, by resulting in either activation or repression, depending on the target gene. As research progresses in this area, it will be important to consider dynamic turnover of acetyl groups in MHC chromatin and the potential unintended consequences of unopposed acetylation at MHC loci that may require dynamic turnover of acetylation for proper regulation.
The fact the H3K4me3 and H3ac can occur on the same histone tail, and are associated with active transcription, supports the emerging view of a histone code defined by multivalent histone modifications. Multivalency may impart greater specificity to the coactivators that recognize specific histone modifications via bromodomains, which recognize acetylated lysine, and PHD finger domains, which recognize H3K4me3 (35) . Importantly, many chromatin-associated proteins have been identified that contain both bromodomains and PHD fingers (34) . For example, one identified effector, BPTF, contains the domains to recognize both histone marks (24) . Furthermore, multivalent binding may result in enhanced affinity of such interactions, while remaining more dynamic than a correspondingly tight monovalent interaction (35) .
The role of histone methylation on gene transcription has, until recently, centered on that of a highly stable histone modification, with its primary role in the storage of epigenetic information, and propagation of such information across cell divisions as well as in epigenetic inheritance (1, 39, 47) . Thus, histone lysine methylation was thought to be primarily a one-way process carried out by histone methyltransferases. However, histone methylation is now known to be enzymatically reversible and dynamically regulated (39) . For example, a mechanistic role for dynamic regulation of H3K4me3 has been described for gene induction in yeast (30) . Little is known about the regulation of demethylation, as only recently has the first histone demethylase been identified and characterized (40) . More recently yet, a new family of lysine demethylases, the Jumonji family, has been identified that can demethylate trimethylated histone tails, including a subfamily of these demethylases that can specifically revert H3K4me3 (1, 39) . This has shifted the thinking of histone trimethylation to provide the basis for a dynamic view of H3K4me3 in the regulation of gene expression. Our data on the dynamically regulated MHC genes would support this view. We report that with strong upregulation of the IIx and IIb MHCs in HS Sol as compared with Sol, H3K4me3 was also strongly increased at the 5Ј-end of these genes. We also observed a loss of H3K4me3 in the type I MHC under conditions (HS ϩ T 3 ) , where the activity of this gene is markedly repressed. Clearly, regulation of H3K4me3 does occur in correspondence with expression of the MHC genes.
In conclusion, we provide evidence in this report that the chromatin immunoprecipitation assay can be used to accurately examine in vivo native histone modifications at specific genomic sites in skeletal muscle. We show that H3 acetylation and H3K4me3 are dynamically altered in conjunction with slow to fast shifts in MHC gene expression. Furthermore, the maintenance of the slow versus fast MHC phenotype is linked to the MHC chromatin environment by the degree of H3 acetylation and H3K4me3, which corresponds to MHC transcription levels in different fiber types. In addition to the increase in histone acetylation-induced accessibility of DNA by transcription factors, the recruitment of effectors to marks such as H3K4me3 may impart MHC-specific activation in response to specific loading and/or hormonal states. Thus, epigenetic mechanisms are another factor to be considered in the coordinated regulation of the types I, IIa, IIx, and IIb MHC genes. This initial survey of H3 acetylation and H3K4me3 in the MHC gene locus provides a starting point for further research into the factors that influence MHC gene regulation in their natural in vivo setting. Skeletal muscle is particularly sensitive to many stimuli, including loading state, that provide constant feedback on gene expression and cell signaling programs. Therefore, the sum influence of the entire system can only be faithfully represented in intact muscle. For this reason, the ChIP assay should prove to be an extremely useful tool to examine protein-DNA interactions under varying environmental conditions in skeletal myofibers.
